In this work, a series of specimens was prepared by the casting method. Sharp cube-textured substrates were processed by heavy cold rolling and recrystallization annealing (i.e., the rolling-assisted biaxially textured substrates (RABiTS) method). Both the rolling and the recrystallization texture in the alloy tapes were investigated by X-ray diffraction and electron back-scatter diffraction, respectively. The results showed that a strong copper-type deformation texture was obtained in the heavy cold-rolled substrate. In addition, the recrystallization annealing process was found to be very important for the texture transition in the Cu-Ni alloy substrates. The cube texture content in the Cu 60 Ni 40 alloy substrates reached 99.7% (≤10°) after optimization of the cold-rolling procedure and the recrystallizing heat-treatment process, whereas the content of low-angle grain boundaries (from 2° to 10° misorientation) in the substrate reached 95.1%.
Introduction
The second generation of high-temperature superconducting (HTS) tapes based on YBa 2 Cu 3 O 7−δ (YBCO) has strong potential for use in numerous applications, e.g., electricity transport, high-magnetic-field devices, military, and other applications [1] . The use of rolling-assisted biaxially textured substrates (RABiTS) [2] is one of the primary methods for the manufacture of coated conductors. As one such type of metallic substrate, Ni-W alloys have been widely studied; the processing of Ni-5at%W tapes [3] [4] has now reached a mature level for commercialization. However, the Curie temperature of this alloy is 330 K and it is ferromagnetic at 77 K, which can result in magnetic hysteresis losses [5] . By contrast, as a potential substrate for HTS, Cu fulfills most of the technical requirements, such as cold workability, non-magnetism, an easily obtainable high cube texture after cold-rolling and annealing, and no chemical interaction with YBCO [6] [7] [8] . The price of Cu is one-sixth of that of Ni, and these two metals form a continuous solid solution. However, Cu does not meet certain requirements related to mechanical properties and thermal resistance to oxidation during the YBCO layer deposition process [9] . Resistance to oxidation can be improved by applying protective textured buffer layers (e.g., an electrodeposited chromium buffer layer [9] , even though its recrystallization texture is (110)). Moreover, the poor mechanical properties (e.g., tensile strength) of Cu can be improved through alloying with Ni to form a CuNi alloy [8] .
Some researchers have studied the magnetic and mechanical properties of alloys that are non-magnetic or that present a low magnetization level, e.g., Ni-Cu binary alloys [10] [11] [12] [13] [14] and ternary Ni-based alloys [15] [16] [17] , to find appropriate solutions. Ni-Cu tapes with a Cu content greater than 54at% were found to be non-magnetic at T = 77 K [15, [18] [19] [20] . With increasing content of Cu in CuNi alloy substrates, however, mechanical properties such as yield strength (σ 0.2 ) worsen [21] . Thus, obtaining a highly cube-textured CuNi substrate with good mechanical and magnetic properties and with a high Cu content is difficult. Tuissi et al. [22] studied the recrystallization texture as well as the mechanical and magnetic properties of Cu-Ni tapes with 10at% and 30at% Ni. Girard et al. [10] studied Cu 55 Ni 45 and Cu 70 Ni 30 alloys and the annealing procedures affecting grain-boundary depth. They observed that, after annealing, both alloys generated a partly twinned, strong cube texture. Qiu [21] produced Cu 60 Ni 40 tapes with a final cube texture content of 87.9%. Vannozzi et al. [16] manufactured Ni-Cu-Co ternary alloy tapes in which the cube texture content after annealing was 95%. Fan et al. [23] found that, in Cu 60 Ni 40 tapes, a sharp (001) texture could be obtained after 1 h of annealing at 650-1000°C. However, the literature contains only a few reports of the systematic analysis of sub-orientation and grain characterization in Cu-Ni alloy tapes.
In this paper, we report on non-magnetic Cu 60 Ni 40 tapes produced by the RABiTS method. Both the recrystallization texture and the grain sub-orientation are studied in detail with respect to the effect of cold rolling and annealing procedures. Several microscopic techniques are applied to observe the differences between the microstructure after cold rolling and that after annealing.
Experimental
A Cu 60 Ni 40 ingot was prepared by vacuum induction melting of 99.9% pure metals. The ingot was hot forged into a rectangular-shaped sample with dimensions of 20 mm × 15 mm × 10 mm. After the oxide formed on the surface was removed, the ingot was cold rolled with less than 5% reduction per pass until the final tape thickness (greater than 95% total reduction). The samples were annealed with a 5°C/min heating rate in a protective atmosphere of 4vol% H 2 in Ar following a one-step procedure (1000°C for 30 min or 1050°C for 30 min) or a two-step annealing procedure (550°C for 30 min and 950°C for 30 min, 550°C for 30 min and 1000°C for 30 min, or 550°C for 30 min and 1050°C for 30 min). Furnace cooling to room temperature required approximately 2.5 h.
The texture of the cold-rolled substrates was investigated with a Bruker D8 X-ray diffractometer. The microstructure, e.g., the grain orientation distribution and grain boundary features of the recrystallized substrates, was investigated in a scanning electron microscope (JEOL JSM6500F) equipped with an electron back-scattering diffraction (EBSD) system. EBSD scans were performed over an area of 600 μm × 400 μm, with 4 μm steps and an operating distance of 20 mm. Adjacent grains were defined by a minimum of 2° misorientation between two points.
Results and discussion

Effect of the rolling procedure on the Cu60Ni40 tape deformation texture
A direct connection [24] has been found between deformation texture and recrystallization texture in face-centered cubic (fcc) metals, where a strong cube texture was obtained after annealing a copper-type rolling texture. By contrast, a mixed recrystallization was obtained after annealing of a mixed rolling texture; a cube texture could not be obtained after annealing a brass-type rolling texture. Thus, the rolling procedure clearly affects the deformation texture, whereas the copper and S-type orientations in turn affect cube recrystallization. A copper-type deformation texture can be obtained in high-stacking-fault-energy fcc metals after strong deformation [24] . Fig. 1 shows the (111) pole figures of highly deformed Cu 60 Ni 40 alloy tapes with 95% and 99% thickness reductions. The two deformed alloys have typical copper-type rolling texture, and, with increasing deformation, the S-and copper-type textured grains became more concentrated around these ideal respective orientations. To characterize the effect of the degree of deformation on the rolling texture, we studied α-fibers and β-fibers of the deformed Cu 60 Ni 40 tapes (see Fig. 2 ). With increasing deformation, the amount of Goss and brass-type orientations decreased slightly, whereas the copper-type texture became more intense. This result shows that 99% deformation leads A to a stronger copper-type rolling texture, consistent with the pole figures in Fig. 1, and 
Effect of the annealing procedure on the Cu60Ni40 recrystallization texture
After one-step annealing, the 99% deformed tape (5% deformation per pass) was investigated using EBSD to characterize the sub-orientation in samples recrystallized under different conditions. The cube orientation contents (Table 2) for samples A and B were 96.1% and 98%, respectively, whereas the amounts of low-angle grain boundaries (2°-10°) were 75% and 86%, respectively. Fig. 3 shows the EBSD maps of Cu 60 Ni 40 substrates after 30 min of annealing at 1000°C (sample A) or 1050°C (sample B). After annealing, twins were generated in both samples. These alloys have high contents of cube-oriented grains; however, their proportions of low-angle grain boundaries are slightly low. These low proportions of low-angle grain boundaries are attributed to the cube orientation (≤10°) deviating from the ideal cube texture after annealing, thus resulting in a relative misorientation between adjacent cube-oriented grains and in the generation of some twins (see Fig. 3 ). Other authors have reported [26] [27] that annealing twins and large-angle grain boundaries present in the substrate strongly affect the superconducting critical current density (J c ) of YBCO thin films. To achieve a higher J c , the non-cube-oriented grains and annealing twins must be avoided, thus increasing the content of low-angle grain boundaries and cube orientation. The content of twin boundaries can be decreased by increasing the annealing temperature (see Fig. 3 , which shows that sample B has a lower number of twin boundaries than sample A). However, several huge grains are observed in sample B, in agreement with the results of Sarma et al. [28] , who stated that increasing the temperature or prolonging the annealing time too much will lead to abnormal grain growth and to secondary recrystallization at the expense of the generation of cube-oriented grains. To eliminate annealing twin orientations and improve the quality of Cu 60 Ni 40 alloy tapes, we annealed them using a two-step method. Sarma et al. [28] stated that two-step annealing can yield a higher cube-orientation content and better grain boundaries than one-step annealing in Ni-W/Ni-Cr complex alloy substrates. A two-step annealing procedure means that the alloy tapes are first annealed at a relatively low temperature for a given time, followed by annealing at a higher temperature. The first annealing step contributes to the nucleation of cube-oriented grains. During the second step, the cube-oriented grains grow at the expense of the adjacent non-cube-oriented grains, thus producing a higher content of cube recrystallization and lower deviation (≤10°) from the ideal cube texture in the substrate. The parameters for the first annealing step strongly affect the final result. After 50% of the recrystallization process, according to Gerber et al. [29] , the cube-oriented grains have an apparent advantage among the various recrystallization grains. Because Qiu [21] stated that recrystallization of a Cu 60 Ni 40 alloy tape reaches 50% after annealing for 30 min at 550°C, we used these parameters for the first annealing step. Table 2 compares the cube texture fraction of the tapes recrystallized through a one-step annealing treatment with that of the tapes that subjected to a two-step treatment with different temperatures for the second step. The first step was always 550°C/30 min, whereas the second annealing step was conducted at 950°C/30 min (sample C), 1000°C/30 min (sample D), or 1050°C/30 min (sample E). Fig. 3 also shows the orientation maps of the Cu 60 Ni 40 alloy tapes after these different annealing procedures. The average grain size of sample E was substantially larger than that of samples C and D. Recrystallization is activated by temperature, which means that the speed of the process is proportional to exp(−Q/(kT)), where k and Q represent the Boltzmann constant and the activation energy, respectively. Thus, a slight difference in temperature can result in huge differences in the growth rate of grains. The amount of cube-orientation recrystallization texture for samples C, D, and E (Table 2) was 98.7%, 99.4%, and 99.7%, respectively, reaching the same level as commercial Ni-W alloy substrates. The results in Table 2 show that the Cu 60 Ni 40 substrates subjected to two-step annealing achieved higher cube texture contents than those subjected to one-step annealing. (1000°C, 1 h) , likely because of the longer recrystallization time. However a higher-temperature recrystallization (e.g., 1050°C) also resulted in a high cube texture content in Cu 60 Ni 40 substrates after only 30 min of annealing. Through two-step annealing, the Cu 60 Ni 40 substrates achieved the highest cube texture content, i.e., the same content as Cu 77 Ni 23 substrates. Without the recovery process at intermediate temperature (here 550°C), the high dislocation density in deformed grains resulted in a high driving force of recrystallization; consequently, the recrystallization process was much too fast. Therefore, some random orientations were also obtained while the cube texture content decreased after one-step annealing in CuNi substrates with a high Ni content. In particular, the proportion of low-angle grain boundaries (2°-10°) in sample E was 95.1%, which is substantially higher than those in samples C (88.6%) and D (92.0%). Fig. 4 shows the misorientation distributions of Cu 60 Ni 40 alloy tapes after different annealing treatments. The lowest content of twins (60° misorientation) was found in sample E. The Cu 60 Ni 40 cube textures after one-step or two-step annealing are compared in Fig. 5 . Most grains in sample E are concentrated around 4.1° ± 0.3° deviation from the ideal cube orientation, consistent with the highest content of low-angle grain boundaries (see Fig. 4 ), which is also expected to contribute to the generation of high-quality superconducting tapes. The in-plane and out-of-plane texture of sample E were further investigated by XRD (see Fig. 6 ). The FWHMs (full-widths at half-maxima) of the Φ-scan and rocking curve were 8.43° and 7.43°, respectively. 
Conclusions
(1) Cold deformation affects the texture characteristics in Cu 60 Ni 40 substrates. A 99% thickness reduction leads to a stronger copper-type rolling texture, which influences the strength of the cube texture in the Cu 60 Ni 40 substrates after recrystallization. (2) The annealing mode and temperature affect the Cu 60 Ni 40 cube recrystallization texture. Non-magnetic Cu 60 Ni 40 alloy tapes, in which the amount of cube texture (≤10°) was 99.7% and the proportion of low-angle grain boundaries (2°-10°) reached 95.1%, were produced by annealing first at 550°C for 30 min and then at 1050°C for 30 min, thus reaching the same level as commercial Ni-W alloy substrates. Without the recovery process at a lower temperature, the high dislocation density in deformed grains led to a high driving force of recrystallization, resulting in an excessively fast recrystallization process.
